Landé g-factors are calculated, in intermediate coupling, for 2084 levels belonging to atoms or ions of the sixth row of the periodic table. Extensive configuration interaction and relativistic effects are included in the framework of the relativistic Hartree-Fock approximation including core-polarization effects. The results have been refined using least-squares fittings of the Hamiltonian eigenvalues to the observed energy levels (when available). The new results fill in some gaps in the existing data for a large number of levels belonging to ions of astrophysical interest and are expected to be useful for investigating magnetic fields in CP stars.
Introduction
In astrophysics, strong magnetic fields have been detected in hot stars of types O, B and A. Definite spectropolarimetric detections have been reported, e.g. for Ap, Be or β Cephei stars, the field strength reaching in some cases several tens of kG (Mathys 1999) . In the case of magnetic Ap stars extensively studied over the past few years, the oblique rotator model is accepted as the plausible explanation of the observed characteristics, which include spectral variations correlated with the rotation period and the magnetic-field modifications. More precisely, magnetic fields have been detected and measured from the observation of their circular polarization signatures in spectral lines (see e.g. Hubrig et al 2009; Elkin et al 2008; Freyhammer et al 2008) . Detailed investigations of these magnetic fields require the knowledge of accurate Landé g-factors. Many of these g-factors are unknown or inadequately known, particularly for the heavy elements of the sixth row of the periodic table. The gaps in the atomic data concern the neutral atoms but also the lowcharged ions (in the first three ionization stages) whose lines are now currently identified in the available high-resolution stellar spectra. In the past, some experimental data have been published in successive NIST compilations (see e.g. Moore 1958 Moore , 1971 ) but data for many levels (even of low excitation energy) are still lacking or, when they exist, their accuracy frequently suffers from the limitations inherent in old laboratory analyses.
Theoretical work on g-factors in heavy atoms or ions is still very scarce in view of the complexity of the calculations. Ab initio calculations however (MCDF approach) have been reported for the lowest 4f N 6s 2 configurations of neutral rareearth atoms (Cheng and Childs 1985) .
These considerations have motivated us to undertake a systematic investigation of the Landé g-factors of the sixth-row elements and of their first ions using a theoretical approach combined with a least-squares fitting (LSF) procedure of calculated values to the experimental ones (when available) in order to refine the accuracy of the predicted values.
Basic considerations
The Landé g-factor of an atomic level is related to the energy shift of the sublevels having magnetic quantum number M by:
where B is the magnetic field intensity and μ 0 the Bohr magneton.
In pure LS coupling, the g-factor is given by:
where g S is the g-value for a pure electron spin (S level), a value of 2 for g S yielding the Landé formula. In intermediate coupling, the Landé g-factor is given by
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where the summation is extended over the same set of quantum numbers as for the wavefunction |γ J M of the M sublevel of a level γ J . |γ J M is expressed in terms of LS basis states |αLSJ M by:
Calculations in heavy ions, such as those considered here, are not obvious and their accuracy basically suffers from the limited configuration interaction (CI) one is able to introduce in the calculations. These limitations are discussed in detail in section 5.
Of course, experimental approaches are also used for investigating the Landé factors in heavy atoms and ions and these values are most welcome in assessing the accuracy of the theoretical models. Most of the experimental results, however, have been published a long time ago (see e.g. the different NIST compilations (Moore 1958 (Moore , 1971 ) for more details). More recent efforts have also been attempted and can be mentioned (see e.g. Zhang et al 2008) . We will not, however, further discuss the experimental methods in the present context but systematically show comparisons between theoretical and experimental results in the different figures and tables of this paper.
Context of the present work
In the recent past, our group has been involved in largescale determination of radiative properties (e.g. transition probabilities, f-values, branching fractions, and lifetimes) of heavy atoms and ions. Many results obtained for the lanthanides (atoms and ions in the first two ionization stages) are stored in the database DREAM (Database for RareEArth at Mons University), accessible at the URL address http://www.umh.ac.be/∼astro/dream.shtml). More details can be found in Biémont and Quinet (2005) . Similar results for the neutral, singly or multiply ionized elements belonging to the sixth row of the periodic table are stored in the database DESIRE (DatabasE on the SIxth Row Elements) accessible at http://www.umh.ac.be/∼astro/desire.shtml. To date, DESIRE contains results for the following ions: Ta I, W II, W III, Re I, Re II, Os I, Os II, Ir I, Ir II, Au I, Au II, Tl I, Pb I and Bi II, but is regularly updated. More details can be found in Fivet et al (2007) .
All the results available in these two databases were obtained from theoretical calculations, using a relativistic Hartree-Fock method (Cowan 1981) including core-polarization effects (HFR+CPOL approach), eventually combined with an LSF adjustment of the Hamiltonian eigenvalues to the observed energy levels. The accuracy of the calculations was systematically tested through detailed and extensive comparisons with experimental data, essentially lifetimes measured using the time-resolved laser-induced fluorescence (TR-LIF) spectroscopy or branching fractions (BF) determined by Fourier transform spectroscopy. These systematic comparisons allowed us to assess the reliability of the calculations on a firm basis. For more details, see the relevant papers quoted on the above URL addresses.
In the same context, we also calculated Landé g-factors for a number of atoms and ions, particularly the doubly ionized lanthanides atoms (Quinet and Biémont 2004) , for which there was a definite requirement in astrophysics. In the present work, we describe a large-scale determination of Landé factors for selected ions of the sixth-row elements also needed by astrophysicists. Samples of the results obtained so far are shown in the present paper, and extensive comparisons with the available experimental data are also made. These must be considered as a first step toward a thorough investigation of the Landé factors for neutral elements, and of the low-charged ions of this group.
HFR+CPOL calculations
The calculations reported and discussed in the following sections have been performed with the HFR+CPOL approach. CPOL effects were introduced in the calculations using a method already discussed elsewhere (see e.g. Quinet et al 1999; Biémont and Quinet 2003; Biémont 2005) . Most of the intravalence correlation is represented within a CI scheme, while core-valence correlation for systems with more than one valence electron is described by a CPOL potential. For an atom with n valence electrons, the one-particle operator of the potential can be expressed as:
where α d is the static dipole polarizability of the ionic core and r c is a cut-off radius. As no experimental data are available for the static dipole polarizabilities of the heavy elements or ions, we have systematically adopted for this parameter the values from Fraga et al (1976) while, for the cut-off radius, r c , the values retained were the HFR expectation value of r for the outermost core orbital. The values of the parameters α d and r c adopted in the present work are summarized in table 1.
Results and discussion

Ta (Z = 73)
In Ta I, the reported calculations (Fivet et al Fivet et al 2006a) included the configurations 5d 3 6s 2 , 5d 4 ns (n = 6-7), 5d 4 6d, 5d 5 , 5d 3 6p 2 , 5d 3 6s7s, 5d 3 6s6d, 5d 2 6s 2 6d, 5d 2 6s6p 2 and 5d 4 np (n = 6-7), 5d 3 6snp (n = 6-7), 5d 3 6snf (n = 5-6), 5d 2 6s 2 6p, 5d 2 6s 2 nf (n = 5-6), the known energy levels having been determined experimentally by Van den Berg et al (1952) . An LSF procedure was applied using the levels taken from the compilation available (from the web site): http://iep.tu-graz.ac.at/ta.html, which incorporates levels from an analysis by Guthöhrlein et al (1995) with more recent updates. The low-lying levels at 11796.14, 14875.70, 21091.53 and 22434.37 cm −1 were excluded from the fit for the reasons stated in Fivet et al (2006a) . The high-energy odd levels (above 38 000 cm −1 ) were also excluded because, due to strong CI, an unambiguous connection between experimental and calculated levels could not be established, even when Moore (1958 Moore ( , 1971 in Ta I (filled circles). In Ta II (squares) the previous data are taken from Wyart (1978) and Wyart and Blaise (1990) . Table 1 . Static dipole polarizability, α d , and cut-off radius, r c , adopted for the different ions. All the data are given in a.u. We give also the outermost core orbital corresponding to the calculation of r c and the ionic core corresponding to the value of α d . (Moore 1958 (Moore , 1971 in figure 1 .
In Ta II, the g-factors were reported and discussed recently (Quinet et al 2009) and, consequently, no more details will be given in the present paper. For a comparison with the previous data of Wyart (1977) and Wyart and Blaise (1990) , see figure 1.
The extensive calculations performed in Ta III were based on the following configuration sets: 5d 3 + 5d 2 6s + 5d 2 6d + 5d6s 2 + 5d6p 2 + 5d6d 2 + 5d5f 2 + 5d6f 2 + 5d6s6d + 5d6pnf (n = 5-6) + 5d5f6f + 6s 2 6d + 6s6p 2 + 6p 2 6d + 6s6d 2 + 6d 3 + 6s5f 2 + 6d5f 2 + 6s6f 2 + 6d6f 2 and 5d 2 6p + 5d 2 nf (n = 5-6) + 5d6s6p + 5d6snf (n = 5-6) + 5d6p6d + 5d6dnf (n = 5-6) + 6s 2 6p + 6s 2 nf (n = 5-6) + 6p 2 nf (n = 5-6) + 6p 3 + 6p6d 2 + 6d 2 nf (n = 5-6) + 6p5f 2 + 6p6f 2 + 5f 2 6f + 5f6f 2 . In the LSF procedure, we used all Azarov et al's experimentally established levels (2003), i.e. 37 even levels and 68 odd levels. The s.d. in the fitting procedures was 145 and 191 cm −1 for the even and odd parities, respectively. The calculated Landé factors reported in DESIRE for 105 levels are in reasonable agreement with the results of Azarov et al (2003) .
W (Z = 74)
In singly ionized tungsten (W II), a 4f 14 5d 2 Yb-like ionic core surrounded by three electrons was adopted in the calculations of Nilsson et al (2008) . For the valence-valence interactions, we included in the vectorial basis the configurations 5d 5 , 5d 4 ns (n = 6-8), 5d 3 6sns (n = 6-8), 5d 4 6d, 5d 3 6s6d, 5d 2 6s 2 6d and 5d 3 6p 2 (even parity) and 5d 4 np (n = 6-8), 5d 3 6snp (n = 6-8), 5d 2 6s 2 6p and 5d 2 6p 3 (odd parity). The HFR+CPOL approach was then combined with an LSF minimizing the discrepancies between calculated and experimental energy levels from Kramida and Shirai's compilation (2006) . 263 levels were included in the fitting process and the s.d. of the fits was found to be 99 cm −1 and 138 cm −1 for the even and odd parities respectively. The results are reported in table 2 and they are compared in figure 2 with the g-values taken from Kramida and Shirai (2006) . For 29 of the 34 levels common to both works, the agreement is excellent (a few per cent). Somewhat larger discrepancies are observed for five levels.
Two sets of calculations were reported for W III . In the first one, an Er-like ionic core (4f 14 ) surrounded by four valence electrons was adopted. In the second model, we adopted a 4f 14 5d Tm-like ionic core surrounded by three valence electrons. In both cases, the following configurations were included in the vectorial basis: 5d 4 + 5d 3 ns (n = 6-8) + 5d 2 6sns (n = 6-8) + 5d 3 6d + 5d 2 6s6d + 5d6s 2 6d + 5d 2 6p 2 and 5d 3 np (n = 6-8) + 5d 2 6snp (n = 6-8) + 5d6s 2 6p. All the 235 experimentally known levels, belonging to the 5d 4 , 5d 3 6s, 5d 2 6s 2 , 5d 3 6p and 5d 2 6s6p configurations (Iglesias et al 1989) , were included in the LSF process. The s.d. in the fits was found to be 122 and 241 cm −1 for the two parities. The new Landé factors are stored in the database DESIRE (235 levels). There are no data available for comparison.
Re (Z = 75)
Calculations of f values and radiative lifetimes in Re I have been reported by Palmeri et al (2006) . The following configurations were considered in the theoretical model: 5d
6 ns (n = 6-8), 5d 5 6sns (n = 6-8), 5d 7 , 5d 6 6d, 5d 5 6s6d, 5d 4 6s 2 6d, 5d 5 6p 2 , 5d 4 6s6p 2 and 5d 6 np (n = 6-8), 5d 5 6snp (n = 6-8), 5d 4 6s 2 6p, 5d 4 6p 3 . An LSF procedure minimizing the discrepancies between the calculated eigenvalues and the experimental levels of Klinkenberg et al (1957) and Wyart (1978) was applied. 54 even-parity levels below 36 000 cm −1 and 97 odd-parity levels, below 50 000 cm −1 and belonging to the 5d 6 6s, 5d 5 6s 2 , 5d 7 , 5d 6 6p and 5d 4 6s 2 6p configurations, were retained for the adjustment procedure. The s.d. of the fits was found equal to 88 and 176 cm −1 for the even and odd parities respectively. The calculated and the experimental Landé g-factors (Klinkenberg et al 1957) reported in DESIRE (160 levels), generally agree within 10% (see figure 3 ). For the levels for which the discrepancy is larger, incorrect correspondence between calculated and observed levels cannot be ruled out.
In Re II, the results were discussed in detail by Palmeri et al (2005) with respect to the valence-valence correlations. The interactions between the following configurations were considered: 5d 5 ns (n = 6-8), 5d 4 6sns (n = 6-8), 5d 6 , 5d 5 6d, 5d 4 6s6d, 5d 3 6s 2 6d, 5d 4 6p 2 and 5d 3 6s6p 2 for the even parity and 5d
5 np (n = 6-8), 5d 4 6snp (n = 6-8), 5d 3 6s 2 6p for the odd parity. As far as the LSF was concerned, the experimental levels of Meggers et al (1958) , Wyart (1977) and Wahlgren et al (1997) were adopted. 44 even-parity and 55 odd-parity levels were retained leading to an s.d. of 135 and 192 cm −1 for even and odd levels respectively. Five low-energy even levels were excluded from the fit in agreement with Wyart (1977) and, similarly, all the odd levels above 70 000 cm −1 , as well as five levels below that limit, were not included in the LSF. An excellent agreement is observed between the HFR+CPOL results and the values measured by Meggers et al (1958) (see figure 3) .
Os (Z = 76)
In Os I and Os II, atomic structure calculations have been reported by Quinet et al (2006) .
In the Os I HFR+CPOL calculations, CI was retained among 5d 6 6s 2 , 5d 6 6p 2 , 5d 6 6s7s, 5d 6 6s6d, 5d 7 ns (n = 6-7), 5d 7 6d, 5d 5 6s 2 7s, 5d 5 6s 2 6d and 5d 8 for the even parity and 5d 6 6snp (n = 6-7), 5d 6 6s5f, 5d 7 np (n = 6-7), 5d 7 5f and 4 5 6s 2 6p for the odd parity. The energy levels used in the fit were taken from Van Kleef and Klinkenberg (1961) . They belong to the configurations 5d 6 6s 2 , 5d 7 6s, 5d 6 6s6p and 5d 7 6p. Only the 46 even-parity experimental levels below 32 000 cm −1 and the 95 odd-parity levels, for which a spectroscopic designation is given by the latter authors, were included in the fit. The s.d. was found to be 78 and 230 cm for the even and odd parities respectively.
In Os II, a similar approach was adopted, considering the configurations 5d
6 ns (n = 6-7), 5d 6 6d, 5d 5 6s 2 , 5d 5 6p 2 , 5d 5 6s6d and 5d 7 and also 5d 6 np (n = 6-7), 5d 6 5f, 5d 5 6s6p, 5d 5 6s5f. Only 22 and 21 experimental levels of Os II belonging to 5d 6 6s, 5d 5 6s 2 , 5d 7 and 5d 6 6p, 5d 5 6s6p configurations were reported by Van Kleef and Klinkenberg (1961) (on a total of 119 and 597 possible levels). Consequently, a reasonable semi-empirical fit could not be achieved and only the average energies were adjusted in the calculations.
The numerical values of the Landé factors for both Os I (144 levels) and Os II (34 levels) can be found in the database DESIRE. A comparison between theory and experience (Van Kleef and Klinkenberg 1961) for Os I and Os II is shown in figure 4 . The agreement is excellent for Os II. A somewhat larger dispersion of the points is observed for a few levels of Os I. 
Ir (Z = 77)
Lifetime measurements and calculations in Ir I and Ir II were reported by Xu et al (2007) . In Ir I, the configurations considered in the physical model were: 5d 7 6s 2 , 5d 7 6p 2 , 5d 7 6d 2 , 5d 7 6s7s, 5d 7 6s6d, 5d 6 6s 2 7s, 5d 6 6s 2 6d, 5d 6 6s6p 2 , 5d 8 ns (n = 6-7), 5d 8 6d, 5d 9 (even) and 5d 7 6snp (n = 6-7), 5d 7 6snf (n = 5-6), 5d 6 6s 2 6p, 5d 8 np (n = 6-7), 5d
8 nf (n = 5-6) (odd). For the even parity, the 30 experimental levels belonging to the 'low even group' reported by Van Kleef (1957) were adopted while, for the odd parity, the 86 lowest levels situated below 50 000 cm −1 were retained for the fit. The s.d. in the LSF was found to be equal to 111 and 192 cm −1 (for the even and odd parities), respectively.
In Ir II, the model included the configurations 5d
7 ns (n = 6-7), 5d 7 6d, 5d 6 6s 2 , 5d 6 6p 2 , 5d 6 6s7s, 5d 6 6s6d, 5d 5 6s 2 7s, 5d 5 6s 2 6d, 5d 8 and 5d 7 np (n = 6-7), 5d 7 5f, 5d 6 6snp (n = 6-7), 5d 6 6s5f, and 5d 5 6s 2 6p. 35 even-parity levels reported by Van Kleef and Metsch (1978) and 21 odd-parity levels situated below 60 000 cm −1 , belonging to the configurations 5d 7 6s, 5d 6 6s 2 , 5d 8 , 5d 7 6p and 5d 6 6s6p, were considered for adjusting the parameters.
Landé factors were reported by Xu et al (2007) but only for Ir II. Additional values for Ir I are available in the database DESIRE (116 levels). A theory-experiment comparison is illustrated in figure 5 . The experimental data are taken from Van Kleef (1957) (Ir I) and from Van Kleef and Metsch (1978) (Ir II). There is some scatter in the points, particularly for the highly excited levels (E > 45 000 cm −1 ). There is no clear explanation for these discrepancies, but they could be due to incorrect designation of the levels.
Pt (Z = 78)
HFR+CPOL calculations were performed in Pt II by Quinet et al (2008) . Two different models were adopted. In the first, the configurations were: 5d 9 , 5d 8 ns (n = 6-7), 5d
8 nd (n = 6-7), 5d 7 6s 2 , 5d 7 6p 2 , 5d 7 6d 2 , 5d 7 6s6d, 5d 7 6s7s, 5d 7 6d7s, 5d 6 6s 2 7s, 5d 6 6s 2 6d (even) and 5d 8 np (n = 6-7), 5d
8 nf (n = 5-6), 5d 7 6snp (n = 6-7), 5d 7 6p7s, 5d 7 6p6d, 5d 7 6s6f, 5d 6 6s 2 6p (odd). 71 even experimental levels were adopted from the analysis by Blaise and Wyart (1992) , the two levels at 119 057.05 and 121 651.19 cm −1 being excluded. The s.d. was 44 cm −1 . For the odd parity, all the experimental levels reported by Wyart et al (1995) below 110 000 cm −1 , i.e.
180 levels, were considered in the LSF procedure and the s.d. was found to be 108 cm −1 . The second model included the same configurations as the first, but the 5d 6 6s 2 7s and 5d 6 6s 2 6d even configurations and the 5d 6 6s 2 6p odd configurations were not included. 71 even levels and 150 odd levels (below 104 600 cm −1 ) were included in the fit, leading to mean deviations of 44 and 203 cm −1 . The Landé factors corresponding to the second theoretical model (considered the best) are stored in the database DESIRE (250 levels). There are no experimental data available for comparison.
Au (Z = 79)
Atomic structure calculations in neutral and singly ionized gold were reported by Fivet et al (2006b) , the main purpose of their paper being the determination of transition probabilities Symons and Daley (1929) and Green and Maxwell (1955) (Au I) and of Moore (1958 Moore ( , 1971 ) (Au II).
scatter is observed in Au II (values reported by Moore 1958 Moore , 1971 .
Pb (Z = 82)
In the computations reported by Biémont et al (2000) , extensive configuration interaction was considered by retaining the configurations 6s 2 6p 2 + 6s 2 6pnp (n = 7-13) + 6s 2 6pnf (n = 5-13) + 6p 4 + 6s6p 2 ns (n = 7-10) and 6s 2 6pns (n = 7-13) + 6s 2 6pnd (n = 6-13) + 6s6p 3 + 6s6p 2 np (n = 7-10). The polarization parameters are reported in table 1. The levels used for the fit were taken from Wood and Andrew (1968) , Brown et al (1977) and Hasegawa and Suzuki (1996) . This led to an s.d. of 41 cm −1 (65 even levels) and 65 cm −1 (50 odd levels). For the numerical values, see the corresponding table in DESIRE (115 levels). In figure 7 the HFR+CPOL results are compared to the experimental results reported by Moore (1958 Moore ( , 1971 ). The agreement is excellent for the 11 levels for which experimental data are available.
Bi (Z = 83)
In Bi II, three sets of calculations were reported by Palmeri et al (2001) . The configuration sets adopted were: 6p 2 , 6pnp (n = 7-10), 6pnf (n = 5-10) (even) and 6s6p 3 , 6pns
